The finite-difference time-domain (FDTD) method is used to model a birdcage resonator. All the coil components, including the wires, lumped capacitors and the source, are geometrically modelled together. As such, the coupling effects within the birdcage, including the interactions of coil, source and human head, are accurately computed. A study of the transverse magnetic (B 1 ) field homogeneity and the specific absorption rate (SAR) is presented on an anatomically detailed human head model at 64 and 200 MHz representing 1.5 and 4.7 T MRI systems respectively. Unlike that at 64 MHz, the B 1 field distribution is found to be inhomogeneous at 200 MHz. Also, high local SAR values are observed in the tissue near the source due to the coupling between the source and the head at 200 MHz.
Introduction
The radiofrequency (RF) coil is an essential element in magnetic resonance imaging (MRI) systems and therefore its correct design is important. Significant effort has been devoted to modelling the electrical characteristics of RF coils. For instance, both the birdcage coil (Hayes et al 1985) and the TEM resonator (Vaughan et al 1994) have been theoretically analysed. The finite element method (FEM) has been used to model the TEM resonator loaded with a phantom and human head model (Vaughan et al 1994) . A 2D FEM model has also been used to study the B 1 field and the SAR in a birdcage coil loaded with a human head model (Jin and Chen 1997) . The FEM has also been utilized to calculate the SAR inside a human head model in a saddle shaped MRI head coil (Simunic et al 1996) . Since the wavelength was electrically large compared with the largest dimension of the saddle coil at 64 MHz, Simunic et al (1996) assumed quasistatic conditions in calculating the fields outside the human head. Jin et al (1996) employed the method of conjugate gradients with fast Fourier transform to evaluate the electromagnetic fields inside a human head model placed within a birdcage coil. Recently, the finite-difference time-domain (FDTD) method has been used to model a birdcage coil loaded with a human head model (Collins et al 1998 , Chen et al 1998 .
The aforementioned studies shared the common assumption that the RF coil functions as an azimuthal transmission line at all the frequencies of interest. This was achieved by determining the current distribution in the coil without the head being present using the method of moments (Chen et al 1998) , or by replacing the lumped capacitors with voltage sources whose magnitudes varied sinusoidally (Collins et al 1998) . Such assumptions, however, are not valid when the human head is positioned within the coil, due to electromagnetic coupling between the coil and the head (Ibrahim et al 2000b) . Although the resulting inaccuracies may not be too significant at 64 MHz, the field distribution calculations at higher frequencies are much more prone to being invalid. Even when the coil is empty, there are many cases where the ideal current distribution is not present (Ibrahim et al 1999 (Ibrahim et al , 2000b . Chen et al (1998) stated that neglecting the effect of the head on the coil current distribution can be a major source of error and the most accurate simulation involves modelling the coil and the object to be imaged as a single system. This, however, was considered to be a difficult problem (Chen et al 1998) .
The proper modelling of the RF coil has become of critical importance because of the development of ultra high-field MRI systems (Robitaille et al 1998) , and it is anticipated that the optimization of RF coils for such a system will rely heavily upon numerical modelling (Ibrahim et al 2000a . Assumptions about the coil currents can produce misleading results. The importance of RF homogeneity in a birdcage resonator at 4.0 T has been brought into question (Robitaille 1999) . Since RF homogeneity is inherently linked to RF power requirements, this issue has also gained increased attention in the light of recent reports of lower than expected RF power requirements at 8.0 T (Robitaille et al 1998 , Robitaille 1999 , Abduljalil et al 1999 . As such, in order to further expand upon this subject (Leroy-Willig 1999 , Robitaille 1999 , the electrical characteristics of the birdcage head coil are now examined.
In this work, in accordance with the suggestion of Chen et al (1998) , both the RF coil and the human head are modelled as a single system using the FDTD method. Also, the RF coil is excited at one point for linear excitation and two points for quadrature excitation in exactly the same manner as the real system. The currents on the coil are then calculated using Maxwell's equations. Unlike previous studies (Vaughan et al 1994 , Jin and Chen 1997 , Simunic et al 1996 , Jin et al 1996 , Collins et al 1998 , Chen et al 1998 , these currents are obtained while considering the interaction between the human head and the resonator. The implementation of the current source as well as the inclusion of the interactions between the coil and the head makes the simulation accurate in modelling the performance of the RF coil. Results for the distribution of the magnetic field and the specific absorption rate (SAR) are presented.
Theory
For the electrically large geometries that are usually encountered in high-field MRI, one can argue that it is better to use FDTD than FEM. This is due to the fact that the computation time of the FDTD method is proportional to N 1.33 where N is the number of unknowns, while the computation time of the FEM method is proportional to N >1.5 . In addition, there is also a wide disparity in terms of memory requirements. The memory needed to solve an FEM problem with 2 000 000 unknowns can be used to solve an FDTD problem with 40 000 000 unknowns. The one disadvantage of FDTD relative to FEM is that it is less flexible for modelling arbitrary geometries, because FEM can be applied to an unstructured grid.
The FDTD method is based on a finite difference approximation of Maxwell's time domain equations:
where E (V m −1 ) and H (A m −1 ) are the electric and the magnetic field intensities and D (C m −2 ) and B (Wb m −2 ) are the electric and the magnetic flux densities respectively. σ m ( m −1 ) and σ e ( −1 m −1 ) are the magnetic and the electric conductivities respectively. The above two vector equations actually represent six scalar equations, one for each of the x, y and z components of the equation. In the finite difference method, time and space are discretized. Time is divided into small increments t (time step). Space is discretized along all three Cartesian coordinates, where the coordinates x, y, z are divided into increments x, y and z respectively. For this work, we choose x = y = z = 3 mm. The electric field E can be broken up into its three Cartesian components: E x , E y and E z . Similarly, the magnetic field H is given by its three components, H x , H y and H z . The notation used to represent any field component, say for example E x , is E n x (i, j, k) = E x (i x, j y, k z, n t), where i, j , k are integer indices. All six components of the electric and magnetic fields can be solved in terms of the neighbouring field values. A central difference approximation is applied to all six of the scalar equations which represent Maxwell's equations. The resulting equations show that the field at a given time step is evaluated in terms of its value at a previous time step and of the fields from neighbouring cells at an earlier half time step (Ibrahim 1998 ).
An automatic FDTD mesh generator was developed to produce the grid for the birdcage coil. In order to operate, the mesh generator requires cell size, diameter and length of the coil, size of the transverse domain and the number of coil legs. To minimize the errors caused by stair stepping, the Yee cells were chosen to be small enough (3 mm) to fully characterize the structure of the coil including the lumped capacitors and the excitation source. Based on the stability criterion (Ibrahim 1998) , the time step was chosen to be 5.5 ps. A 16-leg high-pass birdcage resonator was used for the calculations in this work. The diameter and the length of the coil were set to be 28.8 cm and 40 cm respectively, representing the size of the actual 1.5 T GE Signa birdcage coil. The coil structure in this model was composed of perfect electric conductors and the size of each conductor was assumed to be negligible. The next step was the choice of the transverse domain size. With the given coil size, the domain was chosen to have 148 cells in the x and y directions and 186 cells in the z direction (the number of cells in the grid is approximately 4 000 000 cells). The perfectly matched layer (PML) (Berenger 1994 ) was used for the outer boundary truncation of the grid. The grid size allows for 16 PML cells and a separation of at least 10 cells between the PML surface and closest point on the coil geometry.
A differentiated Gaussian pulse that has a suitable frequency spectrum between 50 and 400 MHz was used to excite the coil. At the lumped capacitor locations, a lumped element FDTD algorithm is used to model the tuning capacitors (Tsuei et al 1993) . Figure 1 (a) shows a top view of the FDTD grid of an unloaded high-pass birdcage coil where the location of the lumped capacitors is observed on the upper coil ring. The exact definition of lumped capacitors is of great importance. The capacitance values (pF) give a realistic prediction of the limitation of this specific coil design. For instance, the model had predicted that the resonance frequency of mode 1 of this specific high-pass birdcage coil cannot surpass 270 MHz (0 pF capacitance value). Also, as the frequency of operation rises, the modal field distribution of the coil becomes more dependent on the values and the position of the lumped capacitors. figure 2(a) ). Thus, it is clear that the frequency domain data will not be significantly contaminated by the late time signal.
In reality, the goal was to obtain the field distribution within the coil at the resonance frequency where the lumped capacitors must be tuned to set the resonance at the Larmor frequency. Finding the field distribution is a two-step process. In the first step, an initial guess is made for the capacitor values. A fast Fourier transform (FFT) is then applied to the FDTD solution at a few points within the grid to obtain the frequency response of the coil. The actual location where the data are collected is not that important since the frequency response at any point within the coil should not differ significantly. The only difference should be due to variations in the field distribution of the coil. If the resonance frequency of the solution is not at the desired location, then the capacitor values are changed and the FDTD program is rerun. This step is repeated until the desired resonance frequency is obtained. Figures 2(c) and 2(d), show two frequency responses of the birdcage coil, loaded and unloaded. The resonance frequency of the mode of interest is obtained at 64 and 200 MHz which are the Larmor frequencies for 1.5 and 4.7 T MRI systems respectively. To obtain the resonance frequency at 64 MHz, the capacitor values are set to 48.6 pF for both the loaded and unloaded cases. However, capacitor values of 3 and 3.4 pF are needed to obtain the resonance frequency at 200 MHz for an empty coil and a coil loaded with the human head model, respectively.
In the second step, the FDTD simulation is run with the correct capacitor values, but instead of applying an FFT at a few points in the grid, a discrete Fourier transform is applied on-the-fly at all the points in the grid at the resonant frequency. Thus, the time data do not need to be stored.
The human head model
An anatomically detailed FDTD mesh of a male human head and shoulders, purchased in 1997 from REMCOM (State College, PA (www.remcom.com)), was used in the birdcage coil simulations. These data were obtained from MRI, CT and anatomical images and hence are suitable for these types of calculations. Unlike many other meshes used in MRI coil studies, this model has shoulders which leads to more accurate results, especially in coil tuning and SAR calculations. The numerical instabilities (Jin et al 1996) that occur when neglecting the human body below the neck are also avoided.
The mesh consists of six tissue types: cartilage, muscle, eye, brain, dry skin and skull bone. The electrical constitutive parameters of these tissue are dispersive. Thus, in any particular simulation one must use the conductivity and the dielectric constant associated with the frequency of interest. This is done by tuning the coil to the frequency of interest and simultaneously using the constitutive parameters associated with this particular frequency. The conductivity, dielectric constant and density for these tissue types are given for two different frequencies (64 and 200 MHz) in table 1 (Gabriel 1996) . The variables ρ, r = / 0 and σ are the density, relative permittivity and conductivity respectively. At the interface between tissues, each cell can have up to three different conductivities (σ x , σ y , σ z ) to account for conductivity discontinuities at the cell interfaces. This is critical for the SAR calculations due to the local hot spots that usually occur at these areas. However, for the dielectric constant an interpolation scheme is used to account for a permittivity discontinuity at these interfaces. figure 1(d) ). The excitation source can be applied on either of the excitation locations shown in figure 1(a). To get quadrature excitation, the same input is applied to the x (Ex) and y (Ey) components of the electric field positioned at Ex and Ey locations as shown ( figure 1(a) ), with the only difference being a 90
• phaseshift between the two inputs.
Numerical results
In this section, numerical results are presented to show the magnetic field homogeneity and SAR in the human head model inside the birdcage coil under quadrature excitation at 64 MHz and 200 MHz. The computer code used to generate these results was validated (Ibrahim et al 2000b) against measurements taken from a GE Signa 1.5 T MRI system.
Magnetic field homogeneity
Ideally, excellent magnetic field homogeneity is necessary when imaging the human head. By extension, this problem must therefore be studied when the head is placed within the RF coil because the presence of the head within the resonator can significantly change the magnetic field homogeneity. This is due to two major factors. First, the wavelength in the head is approximately eight times smaller than in the empty coil. Second, the head can induce additional non-uniform currents on the coil elements. A study of the B 1 field homogeneity was therefore conducted on a birdcage coil loaded with the human head model (figures 1(b)-(d) ). The human head model was positioned such as the excitation source located at Ex ( figure 1(a) ) is spatially behind the centre of the back of the head. Note that with linear excitation, no significant difference in B 1 field homogeneity was observed when the excitation was placed at the Ey versus the Ex locations ( figure 1(a) ). This was also the case when the position of the human head model was reversed around its inferior- figure 1(a) . The SAR results are presented for a total of 1 W CW absorption by the human head and shoulders.
superior axis while fixing the locations of the excitation source(s). The results presented in this section are for quadrature excitation.
Figures 3(a) and 3(b) show axial (slice location is shown in figure 1(c) ), coronal and sagittal slices of the B 1 field in the human head at 64 MHz for quadrature excitation. The B 1 field is very homogeneous except near the neck region where there is a significant decrease in the field strength. In the region of the brain (region of most interest) where the axial slice is taken, the homogeneity of the B 1 field is near 90% (the difference between the maximum and the minimum values of the B 1 field in the specified slice is 10% of the maximum value).
Examples of non-uniform B 1 fields have been observed in experiments with 4 T magnets (170 MHz) (Barfuss et al 1990 , Ugurbil et al 1993 . To examine the homogeneity for the birdcage coil at high frequency, the capacitor values are set to 3.4 pF so that the resonance frequency rises approximately to 200 MHz ( figure 2(d) ). At 200 MHz, axial, coronal and sagittal slices of the B 1 field are shown in figures 3(c) and 3(d) for quadrature excitation. The field distribution is more inhomogeneous (approximately 50% homogeneity across the specified axial slice) compared with the 64 MHz case. Based on such simulations and utilizing the current conventional imaging techniques (two-port fixed phase and fixed magnitude quadrature excitation), one can conclude that the birdcage coil cannot produce a homogeneous B 1 field around 200 MHz without significant modifications in the coil design.
Specific absorption rate
An important aspect of RF coil design at high frequencies is the absorption of RF power by the patient. For both safety and operational reasons, a highly efficient coil is desirable. Electric fields, which can cause increased RF power deposition and dielectric losses, a source of further degradation in Q, must also be minimized.
Fields within the body are difficult to estimate accurately because of their dependence on the body's complicated internal structure. Classically, the SAR is given by
where σ ( −1 m −1 ) and ρ (kg m −3 ) are the conductivity and the mass density of the tissue respectively. |E| (V m −1 ) is the magnitude of the electric field in the tissue. By evaluating the SAR within specific tissues, one can obtain the power deposition for specific organs. Also, by summing the SAR from all tissues, an indication of the total power deposition can be obtained. The SAR in the above equation is normalized to the power transmitted from the coil. While there has been an extensive use of full-wave methods to predict SAR for humans (Gandhi 1990) , the FDTD method is considered to be a good choice because the fields are computed everywhere within the RF coil.
The following calculations are presented for a 1 W CW total absorption by the human head/shoulder model given that the percentages of the FDTD calculated power radiated from the specified birdcage coil are 5.5% and 34% of total power going into the coil at 64 MHz and 200 MHz respectively. As such, we are not concerned with the absolute amount of RF power required to produce a given spin excitation at either 64 or 200 MHz. The human head model was positioned so that the excitation source located at Ex ( figure 1(a) ) is spatially behind the centre of the back of the head. Figures 3(e) -(h) and 3(i)-(l) show two axial slices, one in the middle of the head and one at the shoulder and the neck region, and 3D surface views of the SAR inside the human head model for quadrature excitation at 64 and 200 MHz respectively. At 64 MHz, compared with the linear excitation results, the SAR peak values in general have dropped when the excitation is done in quadrature. The decrease in peak SAR values, however, was less than that obtained with a coil loaded with a cylindrical muscle phantom. This is because the human head model is heterogeneous and asymmetric; hence, its internal fields are less circularly polarized than when a homogeneous and symmetrical cylindrical phantom is considered.
In general, the heating in the head is higher near the surface, especially at low frequency. Also, there are local high SARs in the shoulder where the end loops of the coil are closest to the patient. From the electromagnetic theory one expects these hot spots, because the electric field is very high at the ends of the coil. At 200 MHz, one observation is that the SAR values decrease in the shoulder region compared with that at 64 MHz. This is the case when both resonators are driven by an equal 1 W absorption. figure 1(a) . Quadrature excitation corresponds to a two-port quadrature drive using Ex and Ey sources. Two head orientations were considered: a case where the X excitation source is positioned behind the centre of the back of the head and the other case which is obtained through reversing the head position around its inferior-superior (z) axis. The SAR results are presented for a total of 1 W CW absorption by the human head and shoulders.
head and one where the head position is reversed around its anterior-posterior axis without changing the locations of the excitation sources. Three excitations are used: linear excitation in X (Ex: figure 1(a) ), or Y (Ey: figure 1(a) ) and quadrature excitation in X and Y locations. For the excitation at the back of the head (linear excitation in X), the maximum SAR value in the eye has decreased from 0.6844 W kg −1 at 64 MHz (figure 4(c)) to 0.4302 W kg −1 (59%) at 200 MHz ( figure 4(d) ) when an equal 1 W total absorption for the head and the shoulders was considered. When the head position is reversed, the front of the head is facing the location of excitation. As such one should expect significant interactions between the source and the eye tissue especially at high frequency. This can be verified from figures 4(c) and 4(d), where the maximum SAR value in the eye tissue has increased from 0.4769 W kg . Of course in the traditional NMR theory, one would expect that more power would be needed to obtain an image at 200 MHz relative to 64 MHz (Bottomley et al 1985 , Hoult et al 1986 ; therefore, the SAR values would go up proportionally. This traditional expectation has recently been the source of significant controversy (Robitaille et al 1998 , Leroy-Willig 1999 .
Conclusions
In this paper, analysis of the performance of a birdcage coil at low and high frequency was presented using the FDTD method. A study of the B 1 field homogeneity was done on an anatomically detailed human head model. At 64 MHz, the B 1 field was found to be homogeneous. At 200 MHz, the B 1 field is much more inhomogeneous.
SAR calculations were presented at low and high frequency for different kinds of excitation, and different orientations of the human head model. Using equal excitation power magnitude, the SAR values at 64 MHz have generally decreased from linear to quadrature excitation. At 200 MHz, when quadrature excitation is compared with linear excitation, the SAR peak values do not necessarily decrease. The SAR peak values observed with quadrature excitation relative to linear excitation at 200 MHz are higher than those observed at 64 MHz. Because linear excitation does not give a sinusoidal current distribution on the coil (high-pass birdcage) elements at 200 MHz (Ibrahim et al 1999 (Ibrahim et al , 2000b ) (the fields are not linearly polarized), it is impossible to obtain circularly polarized fields using the conventional quadrature drive. Therefore, the fields induced by each of the two sources can add up randomly (constructively and destructively). As a result, and contrary to Collins et al (1998) , peak SAR values have increased for some tissues, which give inhomogeneous fields at 200 MHz when switching from linear to quadrature excitation. Another observation which cannot be predicted using idealized current distribution (Collins et al 1998) on the birdcage coil struts is that high local SAR values were observed in the tissue near the source location due to electromagnetic interactions between the source and the human head at 200 MHz.
